and electrocatalysts. Among those systems, PdAu shows improved stability and enhanced catalytic activity towards electrochemical reactions such as oxygen reduction, formic acid oxidation and hydrogen evolution. The aim of this work was to study comprehensively the influence of ligand and ensemble effects on surface processes, such as oxide formation/reduction, oxidation of adsorbed CO and adsorption of hydrogen, taking place on carbon-supported PdAu nanoparticles of different compositions. Towards that end, we thoroughly characterized the properties of PdAu/C catalysts with nominal Au contents of 20 to 50 % (in atoms) prepared by the same procedure and having similar average particle diameters. The combination of results obtained by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) indicates that nanoparticles had Pd-enriched surfaces and Au-rich interior. X-ray absorption spectroscopy (XAS) measurements around the Pd L3 edge evidenced that Au promotes an increase in the electronic occupation of the Pd 4d band, consistent with XPS results showing varying amounts of surface-like and bulk-like Pd oxide and 2 metallic Pd. We show herein that ligand effects determine the formation of a Pd oxide layer on PdAu/C catalysts and ensemble effects govern hydrogen and CO adsorption. CO oxidation is delayed as the Au content increases as result of the decreasing availability of oxygen-containing species.
INTRODUCTION
The distinctive properties of bimetallic systems, which often result in significantly enhanced catalytic activities as compared to the individual components, have an undeniable relevance in heterogeneous catalysis. 1 Bimetallic nanoparticles are also very relevant in electrocatalysis, mainly regarding fuel cell reactions 2-4 and other energy-related processes, such as hydrogen evolution. 5 Even though over the last decades research devoted to develop fuel cell catalysts was mainly focused on Pt-based nanoparticles, 3 Pd and Pd-based nanocatalysts attracted increasing attention as feasible and cheaper substitutes for Pt in fuel cell cathodes and as alcohol tolerant catalysts in acidic environments. 6 Consequently, the activities of Pd-based bimetallic systems involving a variety of other metals, such as Ni, Fe, Co, etc. were studied and the main findings can be found in recent reviews. 5, 7 Pd is an active catalyst for a variety of chemical and electrochemical
reactions, but lacks stability under corrosive environments. Au is not as active as electrocatalyst, but its good stability can help to stabilize other metals. For instance, Pt nanoparticles modified with Au clusters were found to be more stable against dissolution in oxygen reduction conditions. 8 Consequently, the considerable attention received by PdAu catalysts results from the possibility of combining the good catalytic activity of Pd with improved stability provided by Au. Published results demonstrate that the PdAu system exhibits good activity for a number of chemical processes of industrial and environmental importance. [9] [10] [11] [12] [13] Literature results also revealed good activities of PdAu thin layers for hydrogen evolution and oxidation, 14 and enhanced electrocatalytic activities of carbon-supported PdAu nanoparticles for reactions relevant to fuel cell development, such as oxygen reduction [15] [16] [17] [18] [19] and formic acid oxidation. [20] [21] Improved CO tolerance of carbon-supported PdAu catalysts has also been reported. 22 Catalytic enhancements promoted by bimetallic systems are usually associated to distinct atomic surface arrays, the ensemble effect, and to changes in the electronic structure induced by charge transfer between the metals, the ligand effect. In this work, we present a comprehensive study of carbon-supported PdAu nanoparticles with varying nominal Au content and similar particle sizes.
These nanocatalysts were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) and their electronic properties were studied by X-ray absorption spectroscopy (XAS) around the Pd L3 edge. Cyclic voltammetry (CV) was used to comparatively evaluate the oxidation/reduction behavior of the carbon-supported PdAu nanoparticles as well as the oxidation of adsorbed CO and the charges of adsorbed hydrogen.
Deeper understanding of the effects that determine these electrochemical processes is essential for developing new and efficient electrocatalysts. To the best of our knowledge, despite the impact that these surface processes taking place on PdAu/C nanocatalysts of different compositions might have on energy-related electrochemical processes, they were not yet analyzed in the context of the changes of electronic properties and/or surface compositions promoted by the variation of Au content.
EXPERIMENTAL SECTION
Synthesis of carbon-supported PdAu nanoparticles. Colloidal PdAu nanoparticles with different Au contents (20 to 50%, in atoms) were synthesized in a two-phase liquid-liquid system [23] [24] modified by the addition of oleylamine and oleic acid as capping agents and then supported on carbon powder (Vulcan XC-72, Cabot Corp.). Initially, the two-phase system was prepared by mixing an aqueous solution of the metal precursors (PdCl2 and HAuCl4.3H2O) with a solution containing 0.26 g of a phase-transfer agent (tetraoctylammonium bromide -ToABr) in 17.8 mL of toluene. The molar ratio ToABr:metal was 2.35:1. The two-phase system was then kept under magnetic stirring for 2 hours in order to allow the metallic complex to be transferred from the aqueous solution to the organic phase. When this transfer process was completed, the aqueous phase changed from a reddish color to transparency. In sequence, oleylamine (36.9 µL) and oleic acid (18.8 µL) were added to the system in a molar ratio in relation to metals of 0.84:1 and 0.6:1, respectively. After 10 minutes of magnetic stirring for proper mixing of the capping agents, the metal reduction process was carried out through a drop by drop addition of cooled solution of NaBH4 0.2M (5 ºC) until the reducer to metal molar ratio was of 10:1. This reduction step was done with the system in an ice bath in order to slow down Au reduction. After that, the system was left under magnetic stirring for another 11 hours and then the water phase was discarded. (The procedure is illustrated in Figure S1 , Supporting information).
Carbon powder in amount to get catalysts with a metal loading of 20 wt.% was added to the colloidal suspension of nanoparticles in the organic phase, which was maintained under stirring for 12 hours. The carbon-supported PdAu nanoparticles were then filtered and wash with ethanol, acetone and water. After this initial washing, the PdAu/C sample was dispersed in a solution of KOH in ethanol (0.1 M). The dispersion was maintained in an ultrasonic bath for 20 min, filtered and washed again with ethanol, acetone and water. This procedure (dispersion, filtering and washing) was done twice. Finally, the catalysts were dried for 2 hours at 80ºC. For the sake of simplicity, the materials will be denominated using their nominal atomic composition: Pd80Au20/C, Pd70Au30/C, Pd60Au40/C and Pd50Au50/C.
Catalysts characterization. XRD measurements were performed with a Rigaku DMax 2500 PC diffractometer at scan rate of 1° min 1 in the 2θ range 20100 o and using radiation of 1.5406
Å wavelength (Cu K). Transmission electron microscopy images were obtained in a JEOL JEM2100 LaB6 instrument operating at 200 keV. Some images were taken in scanning mode (STEM) in a FEI TECNAI G2 F20 HRTEM microscope. The samples for TEM and STEM analysis were prepared by placing a drop of a suspension of catalyst in ethanol onto a carboncoated copper grid that was left to dry in air.
The electronic properties were studied by X-ray absorption spectroscopy (XAS) at the Tender X-rays spectroscopy beamline of the Brazilian Synchrotron Light Laboratory (LNLS). Absorption spectra around the Pd L3 edge (3173 eV) were measured in total electron yield mode (TEY), with resolution of 2.2 eV, as described elsewhere. 25 All spectra were normalized with the ATHENA program 26 . X-ray photoelectron spectroscopy (XPS) analysis was carried out using monochromatic Al Kα (1486.7 eV) as photon source. All the spectra were collected with the same parameters. In all cases, a 30 eV pass energy was used. For spectra deconvolution, an Au/C sample was analyzed first in order to estimate the instrumental broadening. This value was then used for all other samples. In all cases, a Shirley background was subtracted and all spectra were corrected using C1s core-line (284.5 eV) as reference. A Lorentzian function was used for all non-metallic
components. An asymmetric function was used for all metallic components to take into account the interaction between the positive hole created by the photoemission with the conduction electrons near the Fermi level. [27] [28] The asymmetric function used is a convolution of two Lorentzian (L) functions with different full width at half maximum (FWHM). The Lorentzian function has FWHM1 = w1 when the binding energy (BE) is below the peak center (BEp), i.e., for BE < BEp, and has FWHM2 = w2 when BE > BEp.
Electrochemical measurements. The experiments were carried out in a conventional threecompartment electrochemical cell. For these measurements, the catalysts were used in the form of ultrathin layer. The catalyst ink was prepared with 2.9 mg of catalyst powder, 15 L of Nafion ® solution (5 wt.% in a mixture of lower aliphatic alcohols and water) and 1.0 mL of isopropanol.
Using a micro-syringe, 13 L of catalyst ink were deposited on a polished glassy carbon electrode (0.247 cm 2 geometric area), so the metal load on the electrode was 28 g cm 2 . A platinum wire and a reversible hydrogen electrode were used as counter and reference electrodes, respectively.
Cyclic voltammetry (CV) experiments were carried out in deoxygenated 0.5 M H2SO4 solutions at scan rate of 50 mV s 1 . For CO oxidation experiments, CO was adsorbed on the surface with the electrode polarized at 0.35 V to avoid interference of adsorbed hydrogen 29 and, after removing CO from the solution by bubbling Ar during 15 minutes, it was stripped by sweeping the potential up to 1.0 V at 10 mV s 1 . All electrochemical measurements were carried out at room temperature.
RESULTS AND DISCUSSION
Catalysts properties. 
where λ is the wavelength of the X-ray radiation (1.54056 Å) and  is the angle of the Bragg reflection. The apparent lattice parameter (a)
and the average Pd-Pd distance (dfcc)
at the [220] diffraction 30 were also calculated. Results are summarized on Table 1 . The apparent lattice parameter of Pd/C (3.912 Å) was found to be somewhat larger than the value for Pd metal (3.890 Å). This cell expansion can be ascribed to lattice strain, 30 which is frequently observed for nanoparticles and it has been reported for Pd, 6, 25, 31 Ag, 32 Au and Pt. 33 Differently, the lattice parameter calculated for Au/C (4.076 Å) is in good agreement with that of pure Au (4.078 Å). The lattice parameter for PdAu/C catalysts generally increases with Au content indicating alloy formation. The composition of the PdAu alloyed phase can be estimated from Vegard's law: 30
where aalloy is the apparent lattice parameter of the PdAu solid solutions, aPd is the lattice parameter of the Pd/C sample (3.912 Å), aAu is the lattice parameter of Au/C (4.076 Å) and xAu is the molar fraction of Au in the PdAu alloy. The results are shown in Table 1 and indicate that the PdAu alloyed phases are richer in Au as compared with the nominal compositions, suggesting that some segregation occurs. Table 1 . Structural properties of house-made PdAu/C, Pd/C and Au/C samples derived from XRD characterization and average particle diameter from STEM images.
Sample
Crystallite size Consensus regarding rehybridization and small net charge transfer from Pd to Au seems to have been reached, supported by data from several techniques such as XPS [34] [35] [36] [37] and a smaller number of results from X-ray absorption spectroscopy, mostly from experiments around the Pd K-edge (24350.3 eV) and the Au L3 edge (11918.7 eV). 35, [38] [39] [40] [41] [42] [43] In this work, X-ray absorption spectroscopy (XAS) experiments were carried out around the Pd L3 edge (3173 eV) to investigate the Pd electronic structure. Absorption at the Pd L3 edge promotes the excitation of 2p electrons to vacant d orbitals (2p3/2 → 4d). Consequently, lower X-ray absorption would be measured if the Pd 4d orbitals are more filled and higher if they are more empty. 44 The spectra of Figure 2a also show that the intensity of the absorption peak for all PdAu/C samples is lower than for Pd/C, indicating a larger electronic occupancy of the Pd 4d band. The peak absorption intensity, after discounting the contribution due to the absorption of Au, allows comparing qualitatively the Pd 4d band electronic occupancy. As shown in Figure 2b , the Pd 4d band is less empty as the content of Au increases.
XPS Pd 3d and Au 4f spectra are shown in Figures 3 and 4 , respectively. The spectrum of the Pd/C sample was deconvoluted using one component corresponding to Pd 0 and two components corresponding to oxidized states (Pd-Ox1 and Pd-Ox2). The Au 4f spectra were deconvoluted using two contributions arising from Au 0 and Au n+ . This last one is probably due to exposure to the atmosphere. Also, a third contribution due to Pd 4s was included. [46] [47] The slightly higher BE has been shown to be due to small particle size. 48 The results of the deconvolution are summarized in Table S1 , Supporting
Information. The Pd-Ox1 and Pd-Ox2 species can be attributed to different palladium oxide phases.
The assignment to a specific palladium oxide structure for each component is rather challenging, For the PdAu/C materials the BE of Pd 3d and Au 4f shift both to lower values with respect to the pure elements (see Table S1 , Supporting Information). This core level shift (CLS) has been already observed for PdAu alloys. 13, 55-56 It has been reported that the net charge flowing into Au may results in a CLS of Au 4f as high as 0.4 eV, and that Pd 3d shows a CLS of 0.1 eV due to the gain of d electrons from Au. [55] [56] Data of Table S1 reveal that for the PdAu/C materials a CLS of c.a. 0.1 to 0.2 eV and of 0.2 to 0.4 eV is observed for Pd 3d and Au 4f, respectively. This shift in BE is due to the rehybridization and charge redistribution, where Au gains sp electrons, compensated by a loss of d electrons transferred to Pd. 13, 55-56 Thus, the higher Pd 4d band occupancy observed herein (see Figure 2) is also a consequence of alloying of Pd with Au and not only due to the reduced amount of oxides in the PdAu/C materials. The asymmetry of the Pd 0 component in Pd 3d of the PdAu/C materials is slightly lower than for pure Pd, in good agreement with lower asymmetry parameters observed for some Pd-alloys 57 and in line with a higher Pd 4d band occupancy. 58 The Au atomic concentrations were estimated using the corresponding photo-ionization crosssections for 1487 eV photon energy. 59 Results obtained from Pd 3d and Au 4d signals are summarized in Table 2 . (Au contents obtained from Pd 3d and Au 4f signals are given in Table   S2 , Supporting Information). According to literature, the current peak of reduction of Au oxides develops on PdAu alloys as result of dissolution of Pd taking place during the positive-going scan. 62 Thus, the Au reduction peak should be smaller at higher sweep rates because dissolution of Pd would decrease and that was indeed observed, as illustrated in Figure 6b for Pd50Au50/C. Current peaks related to the reduction of Pd oxides are observed in the potential range of 0.60.9V. All electrodes contained the same amount of metals (Pd + Au = 28 µg cm 2 ), so the apparent variation of the charge involved in the oxide reduction processes would result from the different compositions of PdAu/C samples.
The shift towards higher potentials of the reduction of Pd oxides promoted by Au is a wellknown phenomenon and it was studied comprehensively for PdAu alloys by Rand and Woods, 62 that established that there is linear relation between the composition of the surface alloy and the potential of the reduction peak. Thus, we used the same approach and employed the position of the current peak of Pd oxide reduction to estimate the amounts of metals in the surface alloy. In all cases, the amount of Au was found to be lower than the nominal value. Results are summarized in Table 3 . Comparison of the composition of the surface with the one estimated from XRD data for the alloyed phase ( Table 1 ) also suggests that, as compared with the nominal composition, the inner part of the PdAu nanoparticles is richer in Au, while the outermost layers are enriched in Pd. It is well known for Pd electrodes that the potential of the peak of reduction of Pd oxides depends on the Pd oxidation charge passed on the positive-going potential scan. 63 In other words, the reduction peak appearing at higher potentials would indicate a thinner oxide layer. Figure 7 shows a plot of peak potential of Pd oxide reduction against the Pd L3 edge absorption intensity.
Noticeably, the potential at which the reduction peak appears is more positive as the Pd 4d band electronic occupation increases. Thus, the shift of the peak potential observed for PdAu/C materials might be consequence of the formation of thinner Pd oxides for growing amounts of Au.
Indeed, for PdAu alloys potentiostatically deposited on Au wires, a linear dependence of the upper potential limit (EUL) for completion of a Pd oxide monolayer with Au content was reported. 64 Figure 7. Peak potential of reduction of Pd oxides against the intensity of the absorption peak of XAS spectra measured around the L3 edge depicted in Figure 2 .
The electrochemically active area (EAA) of Pd can be calculated from the reduction charge of a Pd oxide monolayer (424 C cm -2 ). 65 In acid solution, a monolayer is completed on Pd at c.a. 1.45
V, [64] [65] [66] [67] [68] value that was also reported for carbon-supported Pd nanoparticles. 29 In this work, we used the linear relation reported 64 and estimated the EUL at which a Pd oxide monolayer would be completed for each PdAu/C sample using the surface alloy composition (see Table 2 ). Then, CV curves were recorded up to the corresponding EUL value to allow calculating the reduction charge of the Pd oxide monolayer.
The EAA of Pd was also estimated from the oxidation of adsorbed CO. Because the charge involved in the CO stripping curve also includes the charge associated to Pd oxidation, to separate one from the other it is usual to subtract the current measured in the absence of CO from the recorded CO stripping curve. On the other hand, the reduction charge after CO oxidation up to 1.0 V can be ascribed only to the reduction of Pd oxide. Therefore, the difference between the anodic (CO oxidation + Pd oxidation) and the cathodic charge (Pd oxide reduction) should, in principle, allow separating the charges associated to each anodic process. Because during the positive-going sweep, Pd dissolution also takes place and it should be accounted for. One way to do that is correcting the PdO reduction charge using the ratio of the anodic to cathodic charge from a CV obtained in a solution without CO between the same potential limits and at the same scan rate. In this way, any effect on the EAA of Pd that might result from irreversible alterations, 69 and/or surface segregation in the case of alloys, 70 Measured CO striping currents were lower on PdAu/C catalysts than on Pd/C, most likely because of the Pd EAA differences, as shown in Figure 9 that also reveals that adsorbed CO oxidation begins at lower potentials, except for Pd50Au50/C. It is also noticed that the sequence of peak potential (Pd80Au20/C < Pd70Au30/C< Pd60Au40/C < Pd/C < Pd50Au50/C) does not follow the trend of electronic occupancy of the Pd 4d band. energies on Au/Pd(111) surfaces would be weaker than on pure Pd, at the time that "mixed" sites would be less favorable for adsorption than "unmixed" Pd sites. That being the case, lower adsorption energies should be expected for the Pd50Au50/C catalyst, which surface composition is much closer to a 1:1 atomic Pd:Au ratio (see Table 2 ). The CO stripping curves for PdAu/C catalysts depicted in Figure 9 , however, show a clear shift towards higher potentials as the nominal Au content increases. This apparent inconsistency can be explained keeping in mind that removal of adsorbed CO through a bifunctional mechanism involves oxygen-containing species, which formation at low potentials is hindered as the Au content increases as evidenced by XPS data and results for the electrochemical formation of Pd oxides discussed above.
The electrochemical adsorption of hydrogen is also an important process because it is the first step in hydrogen evolution in acid solutions. Hydrogen adsorption/desorption charges are also In contrast, the oxidation of adsorbed CO does not follow the same trend of the electronic properties. The lower potentials for CO stripping observed for PdAu/C catalysts with Au contents up to 40% is compatible with lower CO adsorption energies on PdAu as compared to Pd.
According to DFT calculations, ensemble effects would then overcome the ligand effect. 71 Thus,
while CO adsorption appears to be mainly governed by ensemble effects its oxidation seems to be affected by the availability of oxygenated species, which is dominated by ligand effects.
The oxidation of the Pd surface is relevant not only for catalytic processes that require oxygenated species to proceed, as the oxidation of adsorbed CO. It is also very important for catalytic reactions where the reactant adsorbs only on oxide-free sites, as is the case of oxygen reduction. The shift towards higher values of the potential of formation of a full monolayer of Pd oxides implies that over the potential region of practical interest for this reaction (c.a. 0.7-1.0 V) the fraction of oxide-free Pd sites available for O2 adsorption would be larger as the Au content increases. Thus, O2 reduction currents higher on PdAu materials than on pure Pd would be expected, as well as a narrower potential region for coverage of adsorbed oxygen following a Temkin adsorption isotherm. 72 However, the resulting specific catalytic activity for O2 reduction (i.e. assessed in terms of current density) may also be influenced by ligand and ensemble effects.
The electronic properties of the reaction sites might affect the adsorption energies of O2 and reaction intermediates. The surface arrangement of Pd atoms might influence the ways in which O2 adsorbs altering the fraction of hydrogen peroxide formed by the different reaction paths (i.e., O2 reduction going through two or four electrons paths). Based on our data, it is not surprising to find discrepancies regarding for O2 reduction activities of PdAu catalysts. 19, 73 Optimum electronic properties have been frequently invoked to explain a catalytic activity maximum observed for the electrochemical oxidation of formic acid on PdAu materials with different Au contents. 74, 75 The results reported here show that the formation of adsorbed oxygenated species, often considered to inhibit formic acid oxidation by blocking adsorption sites but necessary to remove CO, is not independent of the electronic properties. Thus, combined ligand effects with different coverages of adsorbed oxygen-containing species is a more likely explanation of that kind of results.
The charge of oxidation of adsorbed H, which is also largely influenced by the Au content, does not seem to be determined by the electronic properties, suggesting that the adsorption of hydrogen is determined predominantly by ensemble effects. As mentioned above, H adsorption is the first step of H2 evolution, which takes place in the same potential region than the electrochemical reduction of CO2. Our results might be helpful for improving the catalysis of CO2 reduction on PdAu materials 77 by decreasing the faradaic efficiency of H2 evolution.
CONCLUSIONS
We have studied a set of PdAu/C samples of different compositions that were all prepared by the same procedure and have similar average particle diameters. XRD combined with XPS results suggest that the surface of PdAu nanoparticles is enriched in Pd while the inner part is richer in Au. The electronic occupation of the Pd 4d band was assessed from X-ray absorption measurements around the Pd L3 edge, which evidences "d" electron density donation from Au to Pd. In good agreement with that, XPS results evidence that the presence of Au promotes an increase in the Pd metallic content accompanied by an increase in the content of surface-like Pd oxide at the expense of the bulk-like oxide species. We also showed that evaluating of the surface alloy composition from the peak potential of Pd oxide reduction and using it to estimate the value of EUL for completion of a Pd oxide monolayer allows calculating the Pd EAA values from the reduction charges, which are in very good agreement with those derived from CO striping data. 
